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Abstract 
 
The knowledge of absolute fluxes of reactive species such as radicals or energetic ions to the surface is 
crucial for understanding the growth or etching of thin films. These species have due to their high 
reactivity very low densities and their detection is therefore a challenging task. Mass spectrometry is a 
very sensitive technique and it will be demonstrated that it is a good choice for the study of plasma 
chemistry. Mass spectrometry measures the plasma composition directly at the surface and is not limited 
by existence of accessible optical transitions. When properly designed and carefully calibrated mass 
spectrometry provides absolute densities of the measured species. It can even measure internally excited 
metastable species. Here, measurement of neutral species and positive ions generated in an atmospheric 
pressure plasmas jet operated with He, hexamethyldisiloxane and O2 will be presented. 
 
Introduction 
 
Plasma processing with use of reactive gases is a powerful tool for material synthesis, removal or 
modification. The knowledge of absolute densities of species and their fluxes to the surface is crucial for 
understanding of plasma chemistry. Mass spectrometry is a diagnostic technique capable of measuring 
neutral species (including reactive radicals) and positive and negative ions [1-8]. The basics of mass 
spectrometry measurements with the focus on its application for the diagnostics of atmospheric pressure 
non equilibrium plasmas will be presented in the following. 
 
Mass spectrometry measurements 
 
Fig. 1 shows typical arrangements of the gas sampling from the plasma chamber. In the case of ion 
measurements, no ionization of the gas is necessary and therefore only ions originating directly from the 
plasma are measured. Differential pumping with only one pumping stage is sufficient as shown in Fig. 
1(a). The signal is proportional to ion fluxes through the sampling orifice, not to ion densities directly. 
These fluxes are larger for lighter ions due to their higher velocity at the same ion density and ion energy. 
Additionally, other effects have to be considered in the quantitative analysis of the measured count rates. 
Positive ions are accelerated in the sheath in front of the reactor wall gaining up to few tens of electron 
volts kinetic energy. The acceptance angle of ions depends strongly on the ion energy and the ion optics of 
the MS may introduce chromatic aberration errors if the ion energy distribution function is not 
monoenergetic [9]. The transmission function of the MS itself, which discriminates heavier ions, has to be 
considered as well.  
 
A more advanced arrangement is necessary for measurement of reactive neutral species. The MS signal Si 
of the species i is directly proportional to particle density in the ionizer [1-3] and the background density 
of the species in the mass spectrometer chamber has to be taken into account. System with two or three 
pumping stages connected through aligned orifices is used in this case, which allows formation of an 
intense molecular beam (MB) and maintains low background pressure in the last stage with the MS, cf. 
Fig. 1(b). A beam-to-background ratio between the density in the beam and in the background gas of 
around 1 can be achieved in this way [1,3]. The background signal has still to be separated from the beam 
signal with the help of a mechanical chopper. The chopper can block the MB in front of the ionizer 
allowing measurement of the background signal only. This signal can then be subtracted from the signal 
measured without the chopper in blocking position. This arrangement allows absolute calibration of the 
densities of neutral species. It should be noted that the particle velocity does not play a role in measuring 
neutral species. A higher velocity (higher flux into the MS) is compensated by shorter residence time in 
the ionizer [2].   
 
pump 1 pump 2
+
r
x
e-
beam
ionizer
mass
filter
beam 
chopper
Ue
plasma
ni
nBG_MSnBG n + nbeam BG_MS
(b)
mass
filter
plasma
nBG
(a)
pump
ion optics
 
 
Fig. 1 Arrangements of the gas sampling for detection of ions (a) and reactive neutral particles (b).  
 
The identification of the species detected at a given mass can be done by performing an electron energy 
scan at this mass in the energy region near the  ionization energy (ionization threshold) of the detected 
species: threshold ionization mass spectrometry (TIMS). The electron impact ionization (EII) cross section 
is zero below this threshold energy, which is the ionization energy of the valence electron of a given 
species, and rises usually linearly just above this energy. The TIMS technique is especially important for 
detection of reactive dissociation products of a parent molecule, which originates directly from the 
plasma. It utilizes the difference of the EII threshold of a given radical and the electron impact dissociative 
ionization (DI) threshold of the parent molecule, which are typically several electron volts higher. 
Therefore, the radical can be detected by lowering the electron energy below the threshold for DI of the 
parent molecule. For example, detection of O in an O2 discharge is possible with electron energies 
between 13.8 eV (direct ionization of O to O+) and 18.0 eV (dissociative ionization of O2 to O+ + O) 
[4,10]. TIMS also allows detection of electronically excited species [5,11]. 
 
Mass spectrometry can also be used to analyze plasmas operated at atmospheric pressure [7,8,10,12]. 
Three pumping stages have to be usually used to reduce the pressure to an acceptable level for the 
operation of the MS. The big difference compared to analysis of low pressure plasmas is the fact that the 
gas sampling is collisional. The mean free path of species in low pressure plasmas (~ mm or more) is 
larger than the diameter of the sampling orifice (few hundreds μm) and the transport of the particles is in 
the molecular flow regime. Neither the plasma nor the concentrations of the particles in the molecular 
beam are disturbed. This is not the case at atmospheric pressure. The mean free path is below 100 nm and 
the sampling into the vacuum is collisional with the formation of a so called supersonic free jet [13]. The 
thermal energy of the particles is transformed in a directed movement by high pressure gradient at the 
sampling orifice and behind. Particles are accelerated to velocities higher than a sound velocity just behind 
the sampling orifice. The pressure in the first pumping stage is critical for the free jet expansion. Sampled 
particles in the free jet start to collide with the background gas if the pressure is too high and the mean free 
path is smaller than the length between the sampling orifice and the skimmer into the second stage; a so 
called barrel shock appears. The skimmer, which connects the first and second stage, has to be placed 
upstream from this barrel shock to minimize the change of the beam composition. When the background 
pressure in the first stage is good enough a transition of the free jet into a molecular beam occurs and the 
position of the skimmer is not critical.  
 
Even under ideal conditions, the composition of the gas mixture in the molecular beam is changed in the 
collisional expansion compare to the composition in the plasma. This effect is called composition 
distortion in MBMS sampling and has been described by Knuth [14] in detail. One of the major effects is 
radial diffusion in the free jet depending on the mass of the particles and on the mean molecular weight of 
the gas mixture. A general trend can be recognized with lighter particles diffusing more easily out of the 
beam axis and hence being discriminated against heavier particles at the measuring point (ionizer). 
Additionally, a pressure gradient appears just in front of the sampling orifice, which can disturb the 
plasma. 
 
Sampling system with rotating skimmer  
 
The low pressure necessary for the undisturbed formation of the supersonic free jet can be realized by 
placing a special beam chopper into the first pumping stage [10,15]. It consists of a rotating stainless steel 
disk with small embedded skimmers as shown in Fig. 2. The penetration of the sampled particles into the 
second stage of the pumping system is blocked, if the embedded skimmer is not aligned with the other 
orifices. A good background pressure is generated in the second and third pumping stage in this phase 
because the gas conductivity “around” the rotating disk is very small. The gas enters directly the second 
and third stage only when the embedded skimmer is aligned with the sampling orifice. The supersonic free 
jet is formed in this case without disturbance from the background particles and an ideal molecular beam 
is formed for a short time. A high peak with a beam-to-background ratio of around 14 appears in the time 
resolved measurements of the detector current [10,15]. No additional beam chopper is necessary. 
Detection of neutral species in ppm concentrations is possible with this system. However, even if the 
supersonic free jet is expanding into the region of very good vacuum, a composition distortion inherent to 
the collisional sampling has to be considered.  
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Fig. 2. Scheme of the gas sampling system from the atmospheric pressure with the chopper with rotating 
skimmer in the first pumping stage. 
 
The sampling system introduced in Fig. 2 was used to analyze the composition of the effluent of a parallel 
plate microscale atmospheric pressure plasma jet (μ-APPJ) [10, 16]. This plasma source is formed by two 
parallel electrodes at 1 mm distance with 1 mm width and 30 mm length. The interelectrode region is 
confined by two glass plates on both sides forming a 30 mm long channel with a cross section of 1x1 
mm2. RF voltage of URMS = 230 V is applied at 13.56 MHz frequency to the electrodes. The source is 
operated with 1 to 5 slm of He and up to 2 % of O2. The absolute density of atomic oxygen measured by 
the MS is in very good agreement with values measured by two photon absorption laser induced 
fluorescence (TALIF) [10]. Additionally, the density of ozone (O3) could be determined as well.  
 
Measurement of atmospheric pressure plasma with HMDSO molecules 
 
This system is now used to analyze the reaction pathways of hexamethyldisiloxane [HMDSO, 
(CH3)3SiOSi(CH3)3] in He plasma in the μ-APPJ source (URMS = 230 V, electrode length 10 mm, jet-
substrate distance 4 mm). The jet is placed in  a small  chamber with controlled He atmosphere, which is 
mounted on the front plate of the MS. HMDSO gas in mixtures with O2 is commonly used as a precursor 
for deposition of SiO2 films at low or atmospheric pressure [17-20]. We apply 0.1 sccm of HMDSO (20 
ppm in the gas mixture) and 10 sccm of O2 for deposition of SiO2 like coatings by means of μ-APPJ. The 
addition of O2 is necessary, carbon rich films are deposited without addition of O2.  
 
First, the analysis of neutral particles will be discussed. Fig. 3 shows the change of the MS signal at four 
masses when the plasma is switched on, measured with 20 eV electron energy in the ionizer to minimize 
dissociative ionization and fragmentation: 147 amu (highest peak in the fragmentation pattern of 
HMDSO), 75 amu (representing most probably trymethylsilanol), 133 amu (representing 
pentamethyldisiloxane), and 221 amu (representing octamethyltrisiloxan). It should be noted that parent 
ions of all of these compounds are unstable and release one CH3 group upon ionization. Therefore, these 
masses are always 15 amu smaller than the molecular mass of corresponding molecule (e.g. 162–15 = 147 
amu ion for HMDSO molecule).  Measurements with plasma off and plasma on are always performed and 
gas mixture without and with 10 sccm of O2 are compared. The measurement of the gas mixture without 
oxygen shows only a very weak effect on the precursor gas. The HMDSO consumption (mass 147 amu) is 
only around 6 % and the increase of the MS signal at the other masses is within the statistical errors of the 
measurements. The signals are very weak, because only 20 ppm of HMDSO is added into the gas mixture 
and only ~ 1 ppm of it is consumed. The stable products will therefore have densities close to the detection 
limit of our MS.  
 
A significant increase in the HMDSO consumption to 16 % and higher signals at the other measured 
masses are observed when O2 is added into the gas mixture. The formation of trymethylsilanol indicates 
the enhanced breakage of the Si-O bond of the HMDSO molecule. It is consistent with the increase of 
octamethyltrisiloxan (221 amu), which is a product of the reaction of (CH3)3SiO fragment with a HMDSO 
molecule. It is not clear, whether for example atomic oxygen reacts at the Si-O bond, or the addition of O2 
changes the plasma parameters (plasma density, electron energy distribution function) in such a way that 
the electron impact dissociation of HMDSO becomes more effective. The increase of the 
pentamethyldisiloxane concentration (133 amu) shows, that Si-C bonds of the HMDSO molecules are 
attacked as well. A direct reaction of the methyl group with atomic oxygen or excited O2 molecules seems 
the most probable process responsible for it. Even if the HMDSO consumption is increased by addition of 
O2, there is no indication that some carbon free radicals, which would serve as growth precursors for the 
carbon free SiO2-like coating, are produced in the gas phase. Indeed, the recent measurements with 
separate surface treatment by HMDSO plasma and O2 plasma have shown that surface reactions are 
responsible for the carbon removal from the grown film [21]. 
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Fig. 3 Neutral species detection, electron energy 20 eV. Change of MS signals at masses 75, 133, 147 and 
221 amu under plasma off and plasma on conditions without and with O2 flow. Jet-MS distance 4 mm, 
HMDSO flow 0.1 sccm, O2 flow 10 sccm, He flow 5 slm.   
 
The MS system allows detection of positive ions as well. Since the active plasma is confined between 
electrodes and measurements are performed in the effluent, no ions are detected under conditions from 
Fig. 3 (0.1 sccm HMDSO, 4 mm jet-substrate distance). Many ions can however be detected at lower 
HMDSO flows. Fig. 4 shows the variation of the signal intensities as function of the jet-MS distance in a 
He/HMDSO plasma with 0.006 sccm of HMDSO. The ion spectrum is dominated by H3O+(H2O)n clusters 
produced by sequential H2O molecule addition to a H3O+ ion. Their presence is typical for atmospheric 
pressure plasmas even under a controlled atmosphere [7,8]. The most abundant is the H3O+(H2O)3 cluster 
with a maximum at the distance of 5 mm from the jet, but still detectable at 19 mm. The fact that ions are 
generated in plasma effluent and quenched by increase of HMDSO flow indicates that they originate 
probably in secondary reactions of water or water clusters with either helium metastables or with plasma 
radiation. Additional measurements are planned to confirm this hypothesis. Two other ions have been 
observed, HMDSO⋅H+ (163 amu) and HMDSO⋅H3O+ (181 amu). These ions are very probably formed in 
the plasma effluent in proton (H+) transfer or ligand (H3O+) switching reactions of HMDSO molecules 
with H3O+(H2O)n clusters [22].    
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Fig. 4 Measurement of positive ions as function of the distance from the jet. HMDSO flow 0.006 sccm.  
 
Conclusions 
 
Mass spectrometry is a powerful technique for measurement of the quantitative composition of reactive 
plasmas. When properly designed and calibrated it provides absolute densities of neutral stable and 
reactive species in the close vicinity of the surface and ion fluxes towards this surface. Moreover, the mass 
spectrometry can be successfully used for the analysis of atmospheric pressure plasmas. The measurement 
of neutral species and ions generated in the He/HMDSO(/O2) plasma chemistry in a microscale 
atmospheric pressure plasma jet has been shown.  
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